The structure of quinolinic acid recrystallized from D20 (2,3-pyridinedicarboxylic acid; C7H3D2N04) has been refined based on neutron diffraction data measured at four temperatures: 35, 80, 100 and 298 K. The principal temperature dependence in cell constants is observed for the b axis, which is perpendicular to the molecular planes. The refined thermal parameters have been extrapolated by a least-squares procedure, to yield values for T = 0 K which provide estimates of the combined effects of static disorder and zero-point motion. The D atom shifts toward the midpoint of the short intramolecular 0---0 hydrogen bond when the crystal is cooled, just as was found in an earlier study to occur for the H atom in the undeuterated material. At 100 and 298 K, the D atom is displaced significantly further from the bond midpoint than is the H atom at the same temperature. The magnitude of this isotope effect appears to be independent of temperature. The exchangeable protons in the crystal have not been completely replaced by D; refinement of the D
Introduction
The general features of the crystal structure of quinolinic acid with a very short asymmetric intramolecular hydrogen bond have been elucidated from X-ray photographic data by Takusagawa, Hirotsu & Shimada (1973) . Positions of the H atoms, including that in the short hydrogen bond, O--O 2-398(3) A, have been confirmed by neutron diffraction techniques at room temperature by Kvick, Koetzle, Thomas & Takusagawa (1974) . Recently we have studied effects of temperature on the crystal structure (Takusagawa & Koetzle, 1978) and have observed a shift of the H atom toward the midpoint of the O • • • O hydrogen bond upon cooling the crystal to 100 K. We have now refined the structure of quinolinic acid based on neutron diffraction data collected with a sample recrystallized from D20. Measurements were made at 35, 80, 100 and 298 K, in an attempt to confirm the temperature effects observed in the undeuterated material and in order t o elucidate the relationship between temperature and t he effects of D substitution. This work is part of a study of charge-density distributions in quinolinic acid by a combination of X-ray and neutron diffraction techniques.
Experimental section and data reduction
The sample of quinolinic acid used in this work was recrystallized three times from D20. The monoclinic crystal had a volume of 7-9 mm 3 and was mounted on an aluminum pin along the crystallographic [103] direction. It was sealed in an aluminum can filled with helium gas.* The can was placed in a closed-cycle helium refrigerator (Air Products and Chemicals, Inc.; DISPLEX® Model CS-202) and mounted on an automated four-circle diffractometer (Dimmler, Greenlaw, Kelley, Potter, Rankowitz & Stubblefield, 1976;  McMullan, Andrews, Koetzle, Reidinger, Thomas & * For data collection at room temperature (298 K), the crystal was sealed in a glass capillary and mounted directly on the diffractometer. Williams, 1976) at the Brookhaven High Flux Beam Reactor, with a crystal-monochromated neutron beam of wavelength 1-0513 A (based upon KBr, a = 6-600 A at 298 K). The temperatures recorded during data collection were 35 ± 0-5, 80 ± 0-5, 100 ± 0-5* and 298 ± 3 K. Cell dimensions refined by a least-squares procedure based on setting angles of 29 reflections are listed in Table 1 . Intensities were measured for reflections comprising two octants of reciprocal space (hkl, hkl) and portions of two additional octants (hkl and hkl). A 9/29 step-scan technique was employed, with the scan range varied according to A29 = 1-98° x (1 -0 + 2-98 tan 9) for the high-angle data (29 > 50°), and A29 = 4-0° for the low-angle data. The step size was adjusted to give approximately 66 points in each scan. As a general check on experimental stability, the intensities of two reflections were remeasured every 100 reflections. These did not vary to any significant degree during the entire period of data collection at any given * Calibration of the refrigerator by observation of the magnetic phase transition in FeF2 at 78-4 K indicated that the actual sample temperatures are within 2 K of these recorded values. temperature. Experimental quantities of interest are listed in Table 2 along with some details of the subsequent refinements. Integrated intensities of reflections were obtained by a method described earlier (Takusagawa & Koetzle, 1978) . Absorption corrections for observed intensities were calculated by a modification of the analytical method of de Meulenaer & Tompa (1965) (Alcock, 1970; Templeton & Templeton, 1973) . The variance of the net intensity of each reflection was estimated as follows: <J 2 (/) = + [0-03(r-£)] 2 + (0-03£) 2 + C, where T and B are total and background counts, respectively, and the factor 0-03 represents an estimate of non-Poisson errors. The constant C was adjusted to yield a uniform value of {AF 2 /a(F 2 )) in all regions of F 2 upon completion of the refinements. Final values of C on an absolute scale in units of 10~2 2 mm 2 are 5-6 (35 K), 4-7 (80 K), 4-1 (100 K) and 0-0 (298 K). Squared observed structure factors were obtained as F 2 0 = I x sin 20 and averaged for symmetry-related reflections (agreement factors are included in Table 2 ).
Structure refinement
The atomic coordinates from the neutron diffraction study of Takusagawa & Koetzle (1978) were used as initial values for a full-matrix least-squares refinement minimizing £ w(F 2 0 -k 2 F 2 ) and using a modification of the program by Busing, Martin & Levy (1962) . Weights were chosen as w = 1 /o\F 2 ) = l/[o 2 (I) x sin 2 20]. Positional and anisotropic thermal parameters were varied for all atoms together with a scale factor, k, the coherent neutron scattering length of D and N atoms, and a type (I) isotropic extinction correction parameter (Becker & Coppens, 1975) . A correction was applied for the effects of a small number of neutrons in the incident beam with wavelength A/2, by means of a least-squares procedure, minimizing Table 3 .* Rigid-body analyses, the results of which will be discussed below in some detail, indicate large librational motions around the C-C bonds of the carboxyl groups. Therefore, in order to investigate the possible significance of curvilinear or anharmonic motion, thirdand fourth-order thermal tensors for the four O atoms and the D in the intramolecular hydrogen bond were refined using the expansion developed by Johnson (1970a,b) . A summary of these refinements is given i n Table 4 . Based on the i?-value test (Hamilton, 1965) , the fit of the model to the observed data was judged t o be improved significantly only for the 298 K study. In any event, the positional parameters were essentially identical to those obtained in the conventional refinements. Neutron scattering lengths used (all x 10~n mm) are bc = 0-665 (Bacon, 1972) , bH = -0-374,L 0-580, bD = 0-6672 (Shull, 1972) , and bN = 0-921 ( 2) , As noted above, the value for N was refined, along wi t h the effective scattering length for D which was used as a measure of the extent of deuteration.
Discussion
The general features of the structure have been treated in detail in earlier papers (Takusagawa et al, 1973; Kvick et al., 1974) . The present discussion will mainly be restricted to those aspects of the structure which are observed to change with temperature, and the effects of (5) 12251 (8) 12212 (5) 12210 (5) 12197 (5) 12139 (9) 12134 (5) 12134 (5) 12129 (5) 12201 (9) 12201 (6) 12208 (6) 12212 (5) 12152 (9) 12101 ( D substitution upon the geometry of the hydrogen bonds.
The molecular structure of D-QNA* in the crystalline state at 35, 80, 100 and 298 K is illustrated in Fig.  1 (Johnson, 1976) , and bond distances and angles are shown in Figs. 2 and 3 respectively. Differences in bond distances between D-QNA and H-QNA (Kvick et al., 1974; Takusagawa & Koetzle, 1978) are presented in Fig. 4 Temperature effects in D-QNA The effects of cooling on the structure are very similar to those observed in H-QNA (Takusagawa & * The notation D-QNA and H-QNA will be used here to indicate respectively quinolinic acid recrystallized from D20, and ordinary undeuterated quinolinic acid. § Refinements in which the values of all third-and fourthorder coefficients having magnitudes less than 3 o have been set equal to 0 (n given in parentheses). Koetzle, 1978) . The principal change in cell dimensions is observed for the crystallographic b axis, which i s perpendicular to the molecular planes (refer to Table  1 ). There is no hydrogen bonding between these molecular sheets (Takusagawa et al, 1973; Kvick ef aU 1974) , which interact only by means of van der Waals forces. No significant change with temperature is observed in the a and c axes, i.e. within molecular sheets. The relationship between temperature and the length of the b axis for D-QNA is quite linear, as illustrated in Fig. 5 . The calculated linear-expansion coefficient, /?, is 1-19 x 10" 4 K" 1 . Results of rigid-body thermal-motion analyses carried out by the method of Schomaker & Trueblood (1968) are summarized i n Table 5 and indicate that the largest translational tensor component at 298 K is perpendicular to the molecular planes (TZ). S tensor components were in al cases quite small: the largest effective screw translation is calculated to be 0-006 A. All translational and librational tensor components are markedly reduced when the crystal is cooled, as expected. In particular, the large decrease in Tz together with that in Lx and LY, and the resulting decrease in amplitude of out-ofplane motion allows shorter van der Waals contacts between the molecular planes and is in turn related t o the decrease in the fc-axis repeat. 
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Relationship between temperature and the length axis. the reduction of thermal motion for each atom between temperatures Tl and T2. These difference thermal motions apparently are quite reasonable for all atoms. Fig. 7 shows the relationship between temperature and the magnitude of each of the six \Ji} classes, which seems to be quite linear in the low-temperature region. From Fig. 7 , it is apparent that U22, U12 and U23 classes which are related to motions perpendicular to the molecular plane are more reduced at low temperature than are Un, U33 and U13 which represent motions in the molecular plane. Using the slopes for each Uv class from Fig. 7 Table 6 and the corresponding ellipsoids are drawn in Fig. 8 . These parameters provide estimates of the combined effects of zero-point motion and static disorder. The £7^(7=0 K) values in Table 6 have been subjected to rigid-body thermalmotion analyses, and results of these calculations are included in Table 5 . The observed differences in bond distances with temperature ( Fig. 2) are quite easily explained in terms of foreshortening due to rigid-body libration, except in the case of the intramolecular hydrogen bond. Estimates of the average magnitudes of these corrections for Coordinate systems used in these calculations are indicated by the arrows X and Y. The Z coordinate is taken in the direction perpendicular to the page. For models (l)-(4), the S tensor was included in the calculations, and the results transformed to place the origin «the center of reaction. For models (5) and (6), the origin was fixed at the ring C atom, and the S tensor was not included. distances are given in Table 7 . No significant changes are found for bond angles.
Displacements from the least-squares plane through the six non-hydrogen atoms of the pyridine ring are shown in Fig. 9 . Significant changes in these displacements with temperature are observed for the carboxyl groups, where the librations around the C-C bonds are very much reduced when the crystal is cooled, as can be seen from the Lx values for these groups given in Table 5 .
When the D-QNA crystal is cooled to 100 K or below, the intramolecular hydrogen-bond distance 0(2)-•-0(3) increases very slightly (0-006-0-008 A), and D(5) moves approximately 0-008 A closer to the midpoint of the hydrogen bond, compared to the structure at 298 K. In the N(l)-D(4)---0(4)-C(8) hydrogen bond, there is a slight but possibly significant contraction of 0-02 A in the D(4)---0(4) distance upon cooling to 100 K or below (Fig. 2) . However, part of this change can be traced to the foreshortening of the N(l)-D(4) and 0(4)-C(8) bond distances at 298 K, which is adequately accounted for by the effects of rigid-body libration. 
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Isotope effects
As can be seen by inspection of Table 1 , the cel l dimensions of H-QNA and D-QNA at both 100 and 298 K are very similar. Possibly significant differences are found in the a axis (0-008 A) at 100 K and the b axis (0-010 A) at 298 K. The differences in bond distances between D-QNA and H-QNA are shown i n Table 8 , the isotope effects observed in this study are found to be independent of temperature, in agreement with the generally accepted interpretation of these effects as a zero-point energy phenomenon (Robertson & Ubbelohde, 1939) . A similar conclusion has been reached by Thomas, Tellgren & Olovsson (1974) , in an X-ray diffraction study of KHC03 and KDC03. This structure exhibits hydrogen-bonded dimers the 0(2)---0(3) and N(l)---0(4) distances show no significant change upon deuteration. This observation is perhaps not too surprising, since the 0(2)---0(3) hydrogen bond is subject to intramolecular constraints, and the N(l)---0(4) bond is of moderate strength. Thomas (1972) has indicated that O ---O bonds longer than 2-6 A may be expected to show no expansion with deuteration, although cooperative effects complicate the situation in crystals exhibiting networks of hydrogen bonds, as noted by Delaplane & Ibers (1969) . In ammonium oxalate monohydrate (Taylor & Sabine, 1972 ) no significant increase in N-O distances was found upon deuteration, for the N-H -• • O hydrogen bonds.
Systematic differences are observed between the thermal parameters of H-QNA and D-QNA at both 100 and 298 K. However, these differences are reduced to quite small values for all atoms except D(4) and D(5) if the parameters in each U^ class are rescaled using the ratios defined in Table 9 . These observed differences in thermal parameters may be caused by a random slipping of the molecular sheets with respect to one another, which might be expected to occur to a different extent in each crystal. This hypothesis is supported by the fact that the ratio for U12 is close to 1-0. The differences in thermal parameters of D and H atoms persist even after rescaling, as is reflected in the principal axes of vibration listed in Table 10 and shown graphically in Fig. 10 . These differences presumably are caused by the isotopic substitution. In each case the mean-square displacements for D are less than those for H at the same temperature, as one would expect.
Scattering lengths of N and D
The neutron scattering length of N has been refined at each temperature and the values obtained are 0-921 (4), 0-920 (4), 0-919 (4), and 0-922 (4) x 10" 11 mm at 35, 80, 100 and 298 K respectively. The deviations from the mean value of 0-921 (2) x 10" 11 mm are within one estimated standard deviation. This result is actually somewhat smaller than the value of Table 8 . Comparison of the hydrogen-bond geometries in H-QNA and D-QNA at 100 and 298 K 0-936 x 10 -11 mm recently given by Koester (1977) , but agrees well with 0-917 (9) x 10~n mm, an average value taken from several other structure refinements based upon single-crystal data (Kvick et al, 1974) . In this context, the value of 0-941 (5) x 10" 11 mm obtained for H-QNA at 100 K (Takusagawa & Koetzle, 1978) appears to be somewhat larger than normal.
The two D scattering lengths were also allowed to vary in the refinements. The refined values are lower than the normal value of = 0-6672 x 10~n mm (Shull, 1972) , thus indicating that a small percentage of H remains at these sites as shown in Table 11 . The contamination by H may be due to an insufficient number of recrystallizations for complete exchange, or, more likely, it may indicate that the D20 used in this study was impure. The difference in percentage of H between the D(4) and D(5) sites is significant judging from the e.s.d.'s. The relationship between the H:D exchange ratio and hydrogen-bonding environment has been studied using nearly a null-matrix with respect to the HJ) atoms in a-oxalic acid dihydrate (Coppens, 1970) and ammonium oxalate monohydrate (Taylor & Sabine, 1972) . These studies indicate that the protons show a definite preference for the site which participates in the short O-H---O bond in oxalic acid, and for the water molecules relative to the ammonium ions in ammonium oxalate monohydrate. In a 50% deuterated sample of yttrium oxalate trihydrate, which contains an H50| i on and an additional water molecule that forms no hydrogen bonds, the protons are found to occupy preferentially the central position in the H5OJ i on (Brunton & Johnson, 1975) . In deuterated decaborane a higher percentage of residual H was found at bridged, than at terminal positions (Tippe & Hamilton, 1969 while in a partially deuterated sample ot H2Os3(CO)10CH2, the H was found to occupy preferentially the bridging osmium hydride positions and the D the methylene-group sites (Calvert, Shapley, Schultz, Williams, Suib & Stucky, 1978) . The proton occupancies for D-QNA given in Table 11 are in accord with the observations cited above, and with simple energy considerations, which imply that the D atoms should prefer the sites with deepest potential wells. It is tempting to speculate that the slightly more equal distribution of protons at 298 K compared to that at the lower temperatures may be due to an entropy contribution. A similar tendency toward more equal H:D ratios at higher temperatures was observed in yttrium oxalate trihydrate where the sensitivity was enhanced owing to the use of an overall D fraction of 0-5. However, in the present study this temperaturedependent effect lies at the lcr level and is of marginal significance.
